Introduction
The control of absorption, storage and circulation of iron in the body is regulated by complex mechanisms to maintain an appropriate amount of iron in the circulation and within tissues and avoid deficiency or overload [1] . Hepcidin is a key hormone governing human iron homeostasis [2] . It is a 25-aminoacid protein consisting of 8 cysteine residues and four disulfide bonds and is encoded by the gene HAMP (Hepcidin Anti-microbial Peptide) that produces an 84-amino acid preprohepcidin, which, when cleaved, forms a 60-amino acid prohepcidin complex that lacks iron-regulatory activity. Then, a new cleavage occurs to form the 25-amino acid hepcidin hormone [3] . Like other peptide hormones, hepcidin is synthesized in hepatocytes; however, other cell types including macrophages and adipocytes also contain hepcidin mRNA, but their local and systemic contributions to the production of bioactive hepcidin has not been well established [4] . Hepcidin function involves regulating the cellular concentration of its receptor ferroportin in hepatocytes. Ferroportin is the only known cellular iron exporter, and it is essential for iron homeostasis [5] . Hepcidin levels in the blood are regulated by different factors, such as the concentration of blood iron, anemia, hypoxia and inflammation [6] . In response to the administration of iron orally or intravenously, large amounts of liver hepcidin are produced by reducing iron absorption through the intestine [7] . In turn, low serum iron concentrations are followed by a reduction in hepcidin production, leading to an increased release of iron from its stores and increased absorption through the intestine [8] . The observed changes in serum hepcidin levels are similar to the changes observed in the levels of ferritin; thus, levels of hepcidin and ferritin decrease in response to low iron stores, increasing the store of iron [9] . The induction of hepcidin in the context of inflammation has an important role related to anemia that is caused by inflammation, also referred to as anemia of chronic disease [10] . Hepcidin is also considered an acute-phase protein induced by interleukin-6 (IL-6) during infection and inflammation processes that decrease circulating iron and iron delivery to cells [11] . In this context, different studies suggest that cellular stores of iron could affect the course and progression of HIV-1 infection in humans. High iron concentrations appear to be associated with increased mortality and viral load of human immunodeficiency virus type-1 (HIV-1), significantly increasing the susceptibility to opportunistic infections and altering the immune response and the degree of immunodeficiency [12] . Xu and colleagues (2010) have suggested that hepcidin and the efflux of ferroportin-mediated iron could affect the regulation of HIV-1 transcription. In this way, the increase in iron stores was associated with a rapid progression of HIV-1 in patients with thalassemia major who received oral iron and in HIV-1-infected individuals who had haptoglobin polymorphisms [13] . Additionally, the survival rate of HIV-1-infected individuals has shown an inverse correlation with high concentrations of iron in bone marrow macrophages [14] . In women with HIV-1 without a diagnosis of anemia, high concentrations of serum ferritin were associated with an increase in HIV-1 RNA (viral load), suggesting that elevated iron stores influence the progression of HIV-1 and that high concentrations of iron predict a high mortality rate in infected adults [12] [15] . However, studies on the changes in serum hepcidin levels and its relation to iron metabolism in HIV-1-infected individuals remain sparse. In this study, we investigated serum hepcidin levels, biomarkers of iron homeostasis, and markers of HIV-1 in a large number of individuals receiving different regimens of highly active antiretroviral therapy (HAART), as well as in individuals without therapy (ART-naïve).
Materials and Methods

Participants and Study Design
This cross-sectional study was conducted from November 2012 to December 2013 with 448 volunteers (age ≥ 18 years). Of these, 372 HIV-1-infected individuals were at the University Hospital of the Federal University of Santa Catarina-HU/UFSC, and the Clinical Hospital-University of São Paulo Medical School-HCFMUSP. Se-venty-six additional HIV-1 seronegative individuals from the blood bank at HU/UFSC were also enrolled in the study ( Table 1 ). In the group of HIV-1-infected individuals, 93 were not undergoing the HAART regimen (ART-naïve), and 279 were either using a HAART regimen consisting of a non-nucleoside reverse transcriptase inhibitor (NNRTI-based; n = 151) in association with a nucleoside reverse transcriptase inhibitor (NRTI) or using protease inhibitors (PI-based; n = 128) in association with an NRTI ( Table 2 ). The volunteers were informed of the need for a simple blood collection. The HIV-1-infected group was strictly followed every 90 days in a clinical and laboratorial manner at HU/UFSC, and no opportunistic infections were observed. Individuals were excluded from this study if they were diagnosed with hepatitis or had used an iron-based therapy, recombinant human erythropoietin, or modifiers of iron metabolism and/or had received a blood transfusion, immunosuppressive drugs, or anti-inflammatory steroids or non-steroids in the three months preceding the day of blood collection. Demographic, baseline characteristics and the different antiretroviral therapy regimes of the groups are shown in Table 1 and Table 2 .
Blood Sample Collection
Blood samples (5 µL) with ethylenediaminetetraacetic acid (EDTA) were obtained by antecubital venous puncture using a vacuum system (Vacutainer  , Becton/Dickinson Co., NJ, USA) in the early morning after subjects had fasted for 12 to 14 hours. Serum samples were obtained by centrifuging the blood in a CELM model LS-II centrifuge (CELM Co., SP, BRA) at 2500 rpm (1050× g) at 4˚C for10 minutes. The samples were then divided into 300 μL aliquots, transferred to cryogenic tubes and stored in liquid nitrogen at −180˚C until testing.
Markers of Infection
HIV-1 RNA was quantified from plasma using the commercially available Nucleic Acid Sequence Based Table 1 . Baseline characteristics of the study subjects, n = 448.
HIV-1-infected individuals (n = 372)
Parameters (1) Seronegative (n = 76) ART-naïve (n = 93) NNRTI-based (n = 151) PI-based (n = 128) P value (2) Gender ( Table 2 . Highly active antiretroviral therapy (HAART) regimens of the study groups, n = 279. Antiretroviral therapy, n (%) (1) (n = 279) NNRTI-based, n = 151 (54) Efavirenz (EFV) 600 mg (qd) + zidovudine (AZT) 300 mg + lamivudine (3TC) 150 mg (bid)
78 (52) Efavirenz (EFV) 600 mg (qd) + estavudine (d4T) 40 mg + lamivudine (3TC) 150 mg (bid) 11 (7) Efavirenz (EFV) 600 mg (qd) + tenofovir (TDF) 300 mg + lamivudine (3TC) 150 mg (bid) 8 (5) Nevirapine ( 
Clinical Laboratory Analysis
The serum hepcidin levels were determined by an enzyme-linked immunosorbent assay (ELISA) kit for hepcidin (ELISA-Hepc ® ; order no. E1979Hu, 96tests) following the manufacturer's instructions (Uscn Life Science Inc., Wuhan, China). Blood in EDTA-containing vacutainers was analyzed using an automatic cell counter, Coulter ® LH 750 Hematology Analyzer (Beckman Coulter Inc., CA, USA), to determine the complete blood count, including erythrocytes, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, platelet and reticulocytes. Regarding iron metabolism, briefly, we quantified serumiron, ferritin, transferrin saturation and total iron binding capacity (TIBC) using the Siemens Dimension ® Clinical Chemistry Systemand Siemens Immulite 2000 system (Siemens Medical Solutions Diagnostics, LA, USA). All of these parameters were measured during routine clinical screening.
Statistical Analysis
The results are expressed as the arithmetic mean plus standard deviation (mean ± SD) and median [interquartile range (IQR): 95% confidence interval (CI)]. Calculations to determine whether differences between the various groups were significant were carried out using the non-parametric Kruskal-Wallistest or Student's t-test. We also used univariate analysis of variance (ANOVA) for multiple comparisons followed by Tukey' shonest significant difference (HSD) test. Correlation analysis between parameters was performed using Spearman's test. All descriptive and statistical analyses were performed using the Statistical Package for Social Sciences Software version 12.0 ® (SPSS Inc., Chicago, IL, USA) and SAS ® 8e. Charts were constructed using Graph Pad Prism ® version 5.0 (Graph Pad Software Inc., La Jolla, USA). Statistical significance was set at P < 0.05.
Ethical Considerations
Participants were informed of all procedures in the study, and their consent to participate in the study was confirmed in writing according to the guidelines of the Bioethical Committee. Ethical approval for this study was granted by the ethical committees of the Human Research of Clinical Hospital-University of São Paulo Medical School-HCFMUSP and HU/UFSC, CAAE 07288912.6.0000.0065, number 141.739, November 25, 2012.
Results
Background
In the study population, the parameters age (years) and body mass index [BMI; weight/height 2 (kg/m 2 )] were homogeneous, with no differences between the groups of seronegative and HIV-1-infected individuals. In both groups, the number of males was higher than females ( Table 1) . Table 2 and Table 3 describe the different HAART regimens used and the comparison of the assessments of the laboratory parameters in all of the groups that were evaluated, respectively.
Markers of Infection
The markers of infection by HIV-1, such as CD4 + T-cells and CD8 + T-cells, showed suitable means in the treated groups ( Table 3) . The mean values of CD4 + T-cells in the treated groups were significantly different in comparison with the ART-naïve group, and the median number of CD8 + T-cells was not significantly different ( Table 3) . HIV-1 RNA was undetectable, <50 copies/mL, in all subjects in the NNRTI-based group and PI-based group. The ART-naïve group had elevated levels of HIV-1 RNA in comparison with the other groups ( Table 3) . Thirty-six percent (n = 34) of the HIV-1-infected individuals had HIV-1 RNA levels at less than 1000 copies/mL. HIV-1 RNA levels did not correlate with the levels of hepcidin (r = 0.413; P > 0.05), iron (r = 0.197; P > 0.05), and ferritin (r = 0.169; P > 0.05). These data showed that the groups of HIV-1-infected individuals treated with HAART had an acceptable immune status while they were participating in the study.
Serum Hepcidin Levels
Serum hepcidin levels were significantly lower in the ART-naïve group compared with the NNRTI-based, PI-based and seronegative groups. However, there were no significant differences among the other groups ( Table 4 ). In the ART-naïve group, serum hepcidin levels showed a positive correlation with the number of CD4 + T-cells (r = 0.330; P < 0.05), iron (r = 0.437; P < 0.05), and ferritin (r = 0.408; P < 0.05). These results suggest that serum hepcidin levels are less affected in individuals possessing a higher number of CD4 + T-cells and undetectable HIV-1 RNA levels.
Hematological Screening
Hematological screening tests showed no occurrence of anemia in the study groups. Hemoglobin levels and erythrocyte counts showed no significant differences when compared ( Table 4) . Additional hematological Table 3 . Markers of infection and HIV-1 RNA levels in HIV-1-infected individuals with highly active antiretroviral therapy (HAART) regimens as well as in ART-naïve individuals, n = 372.
HIV-1-infected individuals (n = 372)
Parameters (1) ART-naïve (n = 93) NNRTI-based (n = 151) PI-based (n = 128) P value (2) Note: NNRTI, non-nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; ns, no significant difference.
Median [interquartile range (IQR): 25% -75%; 95% confidence interval (CI)].
(2) P value: comparison between groups by univariate analysis of variance (ANOVA) for multiple comparisons and Tukey's honest significant difference (HSD) test. (3) Mean values (m ± SD).
* P < 0.05 when compared with other groups. parameters did not show significant changes as characterized by anemia (data not shown). These data suggest that even in the ART-naïve group, HIV-1 infection associated with a reduction inCD4 + T-cells did not alter the physiology and morphology of erythrocytes.
Iron-Based Biomarkers
Serum iron and ferritin levels were significantly different only in the ART-naïve group, which showed lower values compared with the NNRTI-based, PI-based and seronegative groups. The values for transferrin saturation and TIBC showed no significant differences between groups ( Table 4) . The results suggest that in the ARTnaïve group, HIV-1 infection affects serum iron levels and its deposition.
Discussion
We demonstrated that serum hepcidin levels, as well as iron and ferritin, were reduced in the ART-naïve group and showed a positive correlation with the number of CD4 + T-cells, but not with HIV-1 RNA levels. In the groups receiving different HAART regimens, these same parameters were within the normal range and/or represented values that are considered indicators of immune recovery, suggesting that immune status in HIV-1-infected individuals may directly affect serum hepcidin levels and iron metabolism.
In this study, HIV-1-infected individuals who received different regimens of HAART had undetectable HIV-1 RNA levels, and the number of CD4 + T-cells was within the normal range, while the ART-naïve group had reduced levels of HIV-1 RNA and CD4 + T-cells. HIV-1 RNA levels and CD4 + T-cell numbers are indicators of the clinical stage of infection and are considered prognostic factors for the evaluation of the course of HIV-1 infection [16] [17] . The maintenance of CD4 + T-cell and CD8 + T-cell numbers characterizes the efficacy of HAART, which inhibits viral replication, slows the progression of immunodeficiency, and therefore restores immunity and increases the quality of life for HIV-1-infected individuals [18] [19] . Therefore, it is possible to infer a relationship between the number of CD4 + T-cells and serum hepcidin levels, which would be directly related to the best course of HIV-1 infection.
The observed positive correlation between serum hepcidin levels and CD4 + T-cells in the ART-naive group, but not in the groups receiving HAART, is different than the results obtained by Wisaksana and colleagues (2013) [20] , who conducted studies on Indonesian individuals infected with HIV and tuberculosis (TB) concomitantly. These authors showed that serum hepcidin levels exhibited an inverse correlation with levels of CD4 + T-cells. However, they emphasized that in the HIV-infected individuals without TB and with CD4 + T-cell counts above 200 cells/mm 3 , serum hepcidin levels were similar to those in healthy adults, which confirms the results obtained in our study. In turn, studies carried out by Boelaert and colleagues (2007) [21] and Sow and colleagues (2007) [22] also showed elevated levels of hepcidin in individuals infected with M. tuberculosis, and they suggested that components of the mycobacterium could be contributing to increased serum hepcidin levels. As described above, the HIV-1-infected individuals in our study received prior laboratory evaluation for periods of ninety days and had no other co-morbidities such as tuberculosis and/or hepatitis that could affect iron metabolism and/or present advanced infection by HIV-1. Even the individuals in the ART-naïve group had no advanced infection nora clinical status that was suggestive of AIDS.
In HIV-1 infection, in addition to macrophages and CD4 + T-cells, there is a direct infection of progenitor cells in the bone marrow, which in turn can induce bone marrow suppression with a consequent increase in hepcidin expression, especially upon high concentrations of viral replication common in acute or advanced HIV-1 infection [23] [24] . However, we should be cognizant that even in individuals with undetectable HIV-1 RNA in our groups with different HAART regimens, there is still residual viral replication because the virus is not completely eradicated [25] [26] . These residual virus particles in subjects receiving HAART persist in macrophages and resting memory CD4 + T-cells and are considered reservoirs of HIV-1 [27] [28]. Thus, it has been shown that even with a residual viral replication in macrophages and resting memory CD4 + T-cells, HAART allows the quantitative and qualitative restoration of the total pool of CD4 + T-cells, which restores the immune system, and therefore reduces the impact on the bone marrow progenitor cells [29] [30] . The end result would be a minor impact on the expression of hepcidin and on iron and ferritin levels, as observed in our groups treated with different HAART regimens.
The possibility that HAART affects the metabolism of iron and, consequently, hepcidin levels, can alsobe considered because this effect has been documented, for example, with zidovudine (AZT)-induced suppression of bone marrow [31] . However, this hypothesis does not take into account the reduced levels of hepcidin, iron and ferritin observed in our ART-naïve group because those groups with different HAART regimens containing AZT did not display changes in the levels of these parameters, nor did these groups have any type of anemia or changes in iron metabolism. We can with some degree of certainty consider that modern HAART treatment can considerably overcome many of these effects [17] [19] [32] .
In acute and/or advanced infectious processes, inflammation is known to be an aggravating factor in iron metabolism because iron [6] overload may occur, which is accompanied by an increase in levels of hepcidin and a subsequent decrease in the intestinal absorption of iron and release of iron depositsviairon degradation [6] [7] . Conversely, iron deficiency, hypoxia and enhanced erythropoiesis contribute to decreased hepcidin levels [33] . The changes in serum hepcidin levels only occurred in individuals in the ART-naïve group, even those without clinical signs of anemia, bone marrow suppression, or diagnosis of co-morbidities. Thus, the immune status of the groups was restored with different HAART regimens, as characterized by undetectable HIV-1 RNA levels and a sufficient number of CD4+ T-cells, confirming our hypothesis that maintenance of the immune system can revert the decline in hepcidin levels, and without advanced HIV-1 infection, critical conditions that could produce major changes in the levels of hepcidin were not observed.
Previous studies on the relationship between iron status and hepcidin levels showed a positive association between hepcidin and serum ferritin and iron levels [34] [35] . These studies support the results obtained in our study, where low levels of iron and ferritin observed in the ART-naïve group showed a direct relationship with the reduction in the levels of hepcidin. In this context, hepcidin is the main regulator of iron metabolism and is also an acute phase protein induced by cytokines during infection and inflammation [2] [11], especially in cases of acute infection with continuous viral replication of HIV-1; thus, this partially explains the direct relationship with the levels of iron and ferritin [6] [10] [12] .
It is important to consider that the survival of individuals who are seropositive for HIV-1 is accompanied by a chronic infectious process and continuous treatments with side effects, exposing these individuals to a number of complex situations that are multifactorial and interrelated, including changes in iron metabolism [14] [32] [36] . One limitation of the present study is that it is cross-sectional. Thus, although a longitudinal clinical trial was performed with these HIV-1-infected individuals, a temporal analysis was not possible. However, this study established that the factor that likely causes the reduction inserum hepcidin levels was suppression of the immune system by HIV-1.
Conclusion
Our results showed that reduced levels of hepcidin, iron and ferritin were associated with a reduction in the number of CD4 + T-cells in HIV-1-infected individuals with no treatment. In the groups receiving different regimens of HAART, which exhibited a restored immune system as characterized by the recovery of CD4 + T-cells and undetectable levels of HIV-1 RNA, the same parameters were within the normal range. These results suggest that HIV-1 infection affects the levels of serum hepcidin, the main regulator of iron metabolism, with subsequent changes in iron levels in the circulation and within deposits. Moreover, different HAART regimens can adequately reverse this condition.
